The identification of class II binding peptide epitopes from autoimmune disease-related antigens is an essential step in the development of antigen-specific immune modulation therapy. In the case of type 1 diabetes, T cell and B cell reactivity to the autoantigen glutamic acid decarboxylase 65 (GAD65) is associated with disease development in humans and in nonobese diabetic (NOD) mice. In this study, we identify two DRB1*0401-restricted T cell epitopes from hu- 
Introduction
A number of recent studies on type 1 diabetes in humans and nonobese diabetic (NOD) 1 mice have underscored the importance of the immune response to glutamic acid decarboxylase (GAD). The two isoforms of GAD, glutamic acid decarboxylase 65 (GAD65; 65 kD) and glutamic acid decarboxylase 67 (GAD67; 67 kD), are encoded by separate genes. Although both forms are expressed in the ␤ cells of the islets of Langerhans and in the brain, in humans, GAD65 is the predominant form expressed in ␤ cells and appears to be the primary GAD autoantigen in type 1 diabetes. Both antibodies and T cell reactivity specific for GAD65 and GAD67 have been detected in prediabetic and diabetic individuals (1, 2) . Interestingly, several groups have demonstrated that administration of GAD can prevent the development of diabetes in NOD mice (3) (4) (5) . It has been hypothesized that the induction of Th2 T cells specific for GAD are able to downregulate pathogenic T cells within the islets. Modulation of the immune response with GAD or peptides derived from GAD is a potential method to prevent diabetes in humans. The identification of dominant, GAD-derived T cell epitopes presented by human class II molecules is an important step in the development of a vaccine that could be used to downregulate a ␤ cell-specific, pathogenic autoimmune response in genetically susceptible humans. In the current study, we used a panel of overlapping 20mer peptides derived from human GAD65 to define peptides that bind to the human class II molecules DRB1*0401 and DQ3.2, which are encoded by the DRA1*0101, DRB1*0401 and DQA1*0301, DQB1*0302 genes, respectively. Both the DRB1*0401 and DQ3.2 molecules are found in a majority of Caucasian type 1 diabetics and are thought to contribute to the disease by presenting ␤ cell-associated self-proteins to the immune system in a manner that stimulates a pathogenic T cell response (6, 7) . In addition, a panel of 13mer peptides derived from human GAD65, predicted to be DRB1*0401-binding epitopes (8) , were assessed for binding to DRB1*0401. Several DRB1*0401-binding peptides were studied further by testing for immunogenicity in B10.M transgenic mice that express a MHC class II molecule with the DRA1*0101/DRB1*0401 peptide binding domain (9) . 2 of the 10 peptides examined were found to be immunogenic in DRB1*0401-transgenic but not in nontransgenic mice. Responses to human GAD65-derived peptides occurred even though the sequences tested were identical to those within murine GAD65. Finally, T cell hybridomas derived from mice immunized with GAD peptides were shown to recognize naturally processed GAD65. This study demonstrates a strategy that can be used to define T cell epitopes relevant for human autoimmune disease.
Methods
Cell lines and antibodies. The human EBV-transformed B-LCL, Preiss (homozygous HLA-DRB1*0401, DQ3.2) was maintained in RPMI supplemented with 10% fetal calf serum, 2 mM L -glutamine, and antibiotics. GAD6 is a murine monoclonal antibody that is specific for the GAD65 protein (10) .
Construction of the human GAD65 cDNA expression vector. The 1.7-kb fragment encompassing the cDNA for human GAD65 (11), was released from the pEX9 plasmid (Invitrogen Corp., San Diego, CA) by digestion with BamH1 and Kpn1. The cDNA insert was blunt-end ligated into the EcoR1 site in the pMCFR-pac vector after both DNA species had been complemented using T4 DNA polymerase. The pM-CFR-pac expression plasmid, (a gift from L.K. Denzin and P. Cresswell, Yale University School of Medicine, Howard Hughes Medical Institute, New Haven, CT; 12), directs expression of puromycin N -acetyl transferase, thus allowing for selection with puromycin in mammalian cells (13), and contains promoter elements derived from the LTR of a murine thymotropic retrovirus and the enhancer from the R-U5 region of HTLV-1 (14, 15) . The resultant plasmid is named pMCFR-pac/GAD.
Generation of human GAD65 expressing cell lines. Stable transfectants of the human B-LCL, Preiss, expressing human GAD65, were isolated after electroporation. Briefly, pMCFR-pac/GAD, at a concentration of 10 g/ml, was incubated with 1 ϫ 10 7 cells in 0.8 ml of serum free RPMI medium supplemented with DEAE-dextran (10 g/ml). The cells were electroporated using a Gene Pulser apparatus (Biorad Laboratories, Richmond, CA) set at 250 V and 500 F. The electroporated cells were allowed to recover on ice for 10 min, transferred to growth medium, and incubated for approximately 30 h before selection using 0.75 g/ml puromycin (Sigma Chemical Corp., St. Louis, MO).
Drug resistant cell lines were screened for expression of GAD65 by immunoblotting with the mAb GAD6 on lysates electrophoresed on 8% SDS-PAGE minigels (Hoefer Sci. Instr., San Francisco, CA). After transfer onto nitrocellulose, blots were incubated with GAD6 hybridoma supernatant and developed with peroxidase-conjugated AffiniPure F(ab)2 goat anti-mouse IgG ϩ IgM (Jackson ImmunoResearch Labs., Inc., West Grove, PA) diluted 1:4000. Bound mAb was detected by chemiluminescence (ECL; Amersham Corp., Arlington Heights, IL).
Among the Preiss transfectants screened by Western blotting, PRGD-1 was shown to be the highest GAD65-expressing cell line and was cloned by limiting dilution. In contrast, the PRGD-8 cell line was negative for GAD65 expression by immunoblotting. GAD65 expression was also verified by immunoprecipitating GAD65 with GAD6-coupled Sepharose from cell lysates, and subsequently applying the eluted material to SDS-PAGE, followed by transfer and immunoblotting as described above.
Class II binding assays. The DRB1*0401 class II binding assay was performed as described previously (16) . Briefly, 10 nM detergent solubilized, affinity purified DRB1*0401 was incubated with 1 nM biotinylated rat myelin basic protein 90-102 (B-RMBP 90-102, ED 50 for binding DRB1*0401 ϭ 10 nM) in the presence of various concentrations of GAD65 peptides. Following binding at 37 Њ C for 4 h, the DRB1*0401 was immobilized on 96-well plates coated with the DRspecific monoclonal antibody, LB3.1. B-RMBP 90-102/DRB1*0401 complexes were detected using a europium chelate of streptavidin. The concentration of GAD65 peptide required to inhibit 50% of the binding of B-RMBP 90-102 to DRB1*0401 (IC 50 ) was calculated using a four-parameter logistical curve fit (KaleidaGraph, Synergy Software, Reading, PA). In the DQ3.2 binding assay, 20 nM detergent solubilized DQ3.2, which was affinity purified from the Preiss cell line using a DQ-specific monoclonal antibody (IVD12) coupled to sepharose, was incubated with 800 nM biotinylated lambda repressor 12-24 (B-12-24) (LEDARRLKAIYEK, ED 50 for binding DQ3.2 ϭ 1.5 M) in the presence of various concentrations of GAD65 peptides. Binding was performed in calcium-and magnesium-free PBS containing 0.1 M KH 2 PO 4 (pH 6.5) and 0.02% digitonin for 48 h at 37 Њ C. B-12-24/DQ3.2 complexes were immobilized on 96-well plates coated with a DQ-specific monoclonal antibody, SPVL3, and analyzed as described above.
Animals. NOD/MrkTacfBR (NOD) mice were obtained from Taconic Farms Inc. (Germantown, NY). C57BL/10SnJ (B10) and B10.M/Sn (H2 f ) mice were purchased from the Jackson Laboratory (Bar Harbor, ME). The B10.H2 g7 and B10.M/DR4 strains were derived as previously described (9, 17) . 2-to 4-mo-old mice of either sex were used for immunization.
Human GAD65, murine GAD67, and GAD65-derived peptides. The production and purification of recombinant murine GAD67 has been described previously (5) . Recombinant human GAD65 (residues 90-585; NH 2 terminus MHHHHHHLVPRGSGIRARGS/ AFLH) was produced and purified using identical methods. Based on the sequence for human islet GAD65 (11), a total of 57 peptides of 20 residues (overlapping each other by 10 residues) were synthesized using a peptide synthesizer (model 430A; Applied Biosystems, Inc., Foster City, CA) and were kindly provided by Dr. Howard Grey (Cytel Corp., La Jolla, CA). Peptides were purified by HPLC, lyophilized, and dissolved for use in DMSO/water. 13mer peptides for which the human and murine sequences are identical (18) , were synthesized and purified as described (16) . Peptide purity was confirmed by amino acid analysis. Additional batches of GAD65 peptides 274-286 and 115-127 were synthesized and their compositions were confirmed by fast atom bombardment mass spectrometry.
T cell proliferation. Mice were injected in the hind foot pad with GAD peptides emulsified in complete Freund's adjuvant (CFA, 25 g/foot pad). 9 to 11 d later, popliteal and inguinal lymph node cells were cultured (4 ϫ 10 T cell hybridomas. T cell hybridomas specific for GAD65 peptides and HA307-319 were established by polyethylene glycol-induced fusion of lymph node cells with BW5147 thymoma cells. Lymph node cells from B10.M/DR4 mice injected with peptides in CFA were stimulated with 10 M antigen in vitro for 3 d before cell fusion. Cells were cultured in selective media and emerging hybridoma cells were screened for reactivity to peptide. The screening cultures contained approximatlely 1 ϫ 10 5 T hybridoma cells and 5 ϫ 10 5 antigen presenting cells (APC; either B10.M or B10.M/DR spleen cells) with or without peptide. Culture medium was RPMI 1640 supplemented with 10% heat-inactivated FCS, 2 mM glutamine, 1 mM sodium pyruvate, and 50 M 2-mercaptoethanol. After 24 h of culture, the amount of IL-2 produced by the T hybridoma cells was quantified. Peptide-specific hybridoma cells were cloned by limiting dilution at 0.3 cells/well. In some assays, a murine B cell hybridoma, 43.1/DRB1*0401, was used as a highly efficient, antigen-processing APC (1 ϫ 10 5 /well). The parental 43.1 B cell hybridoma was developed by fusing B10.M splenic B cells with the M12.41 HAT sensitive fusion partner after in vivo activation of the spleen cells with 100 g lipopolysaccharide. The resulting 43.1 B cell hybridoma was subsequently transfected with the chimeric MHC class II DRA1*0101 and DRB1*0401 genes as described previously (9) .
IL-2 assay. Wells of a 96-well flat-bottom plate (Costar Corp.) were coated with anti-mouse IL-2 monoclonal antibody (clone JES6-1A12; PharMingen, San Diego, CA) and blocked with 3% BSA. 75-l aliquots of 24 h culture supernatants from T cell hybridoma cells were transferred to the coated wells and incubated for 1 h at room temperature. The plate was washed with double-distilled water containing 0.02% Tween 20 and 0.005% NaN 3 . 90 l of 1 g/ml biotinylated anti-mouse IL-2 (Clone JES6-5H4, PharMingen) were added for 45 min at room temperature. After washing off excess biotinylated antimouse IL-2, 100 l of a europium chelate of streptavidin (1 g/ml; Pharmacia Fine Chemicals, Piscataway, NJ) were added. After 60 min at room temperature, the plate was washed again. Immobilized, biotinylated streptavidin was detected by the addition of 100 l DELFIA's Enhancement Solution (Wallac Oy, Turku, Finland), which released the chelated europium from streptavidin and formed a highly fluorescent micellar solution. The resultant fluorescence was measured by a fluorescent plate reader (DELPHIA; LKB/Pharmacia). A standard curve of IL-2 was included in all experiments as a positive control. The data are shown as the mean of triplicate determinations and the standard errors were less than 10% in all cases.
Results and Discussion
Binding of overlapping 20mer peptides to diabetes-associated human class II alleles, DRB1*0401 and DQ3.2. A 10-residue overlapping 20mer panel of peptides derived from the human GAD65 sequence was tested for binding to DRB1*0401 and DQ3.2 ( Figs. 1 and 2) . Of the 57 peptides tested, 14 inhibited binding of a labeled ligand to DRB1*0401 with an IC 50 Ͻ 1 M. Another 19 of 57 peptides had IC 50 values ranging from 1 to Ͻ 10 M. A large proportion of the 20mer peptides (16 of 57) also bound to DQ3.2 with an IC 50 Ͻ 10 M (Fig. 2) . Although some of the 20mer peptides bound to both class II molecules, other peptides were relatively specific for either DRB1*0401 or DQ3.2. The high percentage of binding by the 20mer panel of peptides to DRB1*0401 and DQ3.2 is not unexpected due to the known promiscuity of the class II MHC peptide-binding groove. Although a particular motif is preferred, binding to the class II MHC peptide-binding groove is quite flexible in terms of amino acid residues tolerated within each particular position of the peptide. The generally higher affinity of peptides for DRB1*0401 as compared to DQ3.2 may only be an apparent affinity difference caused by different intrinsic stabilities of the two class II molecules in detergent (19, 20) .
Because our goal was to define naturally processed epitopes from GAD65 that associate with a diabetes-associated class II molecule on the surface of APC, we determined which of the binding peptides could be immunogenic in a transgenic B10.M strain expressing the DRB1*0401 molecule. We previously demonstrated that the B10.M/DRB1*0401 transgenic strain utilizes the DRB1*0401 molecule as a restriction element (9) . Because a relatively large number of the GAD65 peptides were found to bind to DRB1*0401 (Fig. 1) , we used two approaches to narrow the number of peptides tested for in vivo immunogenicity. First, we recently demonstrated that DRB1*0401-binding 13mer peptides from a protein can be quite accurately predicted using an experimentally derived peptide-binding algorithm (8) . Second, to avoid the generation of an immune response to a foreign peptide, we chose to test only those DRB1*0401-binding peptides that had an identical sequence to that found in murine GAD65. 10 13mer peptides predicted to be among the best binding peptides were synthesized and found to bind DRB1*0401 with IC 50 values ranging from 18 to 1193 nM (Table I) . It is interesting to note that the sequences of all but one of the 13mer peptides are included within 20mer peptides which bind well to DRB1*0401 ( Ͻ 1 M). The exception is peptide 339-351 (IC 50 ϭ 778 nM) which is not completely contained in any of the 20mer peptides. The presence or absence of a single residue at the amino or carboxy terminus of a peptide can significantly alter the binding of a T cell epitope (21) .
Generation of GAD65-specific T cell hybridomas. The 10 13mer DRB1*0401-binding peptides were used to immunize B10.M/DRB1*0401 amd B10.M mice (Table I) . Two peptides were found to produce responses only in the transgenic B10.M/DRB1*0401 strain, GAD65 274-286 and GAD65 115-127. These two peptides were nonimmunogenic in B10.H2 g7 and NOD mice, two strains that have the diabetogenic H2 g7 murine MHC haplotype. In addition to the two DRB1*0401-restricted peptide responses, GAD65 554-566 elicited an immune response in both the B10.M and B10.M/DRB1*0401 strains. The remaining seven GAD65 peptides showed low or no reactivity following in vivo immunization. The lack of a proliferative response to the seven DRB1*0401-binding peptides could be attributed: ( a ) to the development of central or peripheral tolerance to these self peptides; ( b ) to a low precursor frequency of T cells that recognize these DRB1*0401/pep- tide complexes; or ( c) to the instability of the 13mer peptides in the intracellular or extracellular environment of the immunized mouse. Thus, it should be noted that lack of immunogenicity to a particular 13mer epitope does not eliminate that peptide as an epitope processed by human APC and recognized by self-reactive T cells from DRB1*0401 humans. DRB1*0401-restricted T cell hybridomas specific for GAD65 274-286 and GAD65 115-127 were developed to assess whether either of these peptide epitopes is naturally processed from the whole GAD65 molecule. Peptide-specific responses by these two hybridomas required presentation on spleen cells obtained from B10.M/DRB1*0401 mice; spleen cells from B10.M or B10.H2 g7 mice did not provide appropriate APC since they lacked the DRB1*0401 molecule (Fig. 3) .
Processing and presentation of GAD65 by DRB1*0401 APC. Peptide-specific, DRB1*0401-restricted T cell hybridomas secreted IL-2 following incubation with GAD65-transfected Preiss cells, but not with vector-transfected Preiss cells, indicating that GAD65 can be naturally processed to the GAD65 274-286 and GAD65 115-127 epitopes by human APC (Fig. 4) . DRB1*0401/GAD65 274-286 and DRB1*0401/ GAD65 115-127 complexes were both limiting on the surface of GAD65-transfected Preiss cells since addition of 5 M of the appropriate peptide caused a 10-to 20-fold increase in IL-2 secretion (data not shown). The IL-2 secretion observed in these experiments also demonstrates that the T cell hybridomas recognize the GAD65-derived epitopes when presented by the normal, nonchimeric DRB1*0401 molecule expressed on Preiss cells.
More IL-2 was secreted by the T cells recognizing GAD65 274-286 compared to those recognizing GAD65 115-127 when GAD65-transfected Preiss cells were used as a source of APC (Fig. 4) . The data are consistent with the hypothesis that GAD65-transfected Preiss cells produce more DRB1*0401/ GAD65 274-286 complexes than DRB1*0401/GAD65 115-127 complexes. An alternate hypothesis is that GAD65 is processed to an overlapping but different peptide from the 115-127 epitope and is not recognized as well by the 115-127 specific T cell hybridoma. As a control to eliminate the possibility that IL-2 secretion is nonspecifically induced by GAD65-transfected Preiss cells, a HA 307-319-specific T cell hybridoma T84.17 (22) was shown to secrete IL-2 when HA 307-319 was added to the culture (196,354 fluorescence units) but not in response to either transfected Preiss line alone (Fig. 4) .
To confirm that exogenously supplied GAD65 can be processed to the GAD65 274-286 and GAD65 115-127 epitopes, soluble human GAD65 (residues 90-585) was used to stimulate the two hybridomas (Fig. 5) . When the APC source was the murine 43.1/DRB1*0401 B cell hybridoma, both T cell hybridomas responded in a dose-dependent manner to human GAD65 (Fig. 5, A and C) . In contrast, neither hybridoma responded to murine GAD67. The lack of response to murine GAD67 is expected since both hybridomas are GAD65 specific in that they do not respond to homologous peptides derived from murine GAD67 (data not shown). Interestingly, when transgenic spleen cells were used as a source of APC, only the GAD65 274-286-specific T cell hybridoma produced IL-2 in response to increasing concentrations of GAD65 (Fig.  5, B and D) . The failure of GAD65 115-127-specific T cells to respond to splenic APC plus GAD65 again suggests that the GAD65 115-127 epitope may be selected less frequently during processing than the GAD65 274-286 epitope. Compared to the 43.1/DRB1*0401 B cell hybridoma, splenic APC were generally less efficient at presenting peptide to both T cell hybridomas, possibly due to the lower expression of DRB1*0401 on splenic APC compared to the 43.1/DRB1*0401 B cell hybridoma (data not shown).
In summary, we identified two, naturally processed DRB1-*0401-restricted T cell epitopes from human GAD65, GAD65 274-286, and GAD65 115-127. Our experimental strategy represents a general approach to the identification of distinct immunogenic peptides derived from complex macromolecules in which we first use HLA binding studies to identify a set of potentially immunogenic peptides, followed by the use of transgenic mice to further reduce this set to immunogenic peptides, which are subsequently validated by using human APC to document the natural processing and presentation of these epitopes. Although not all epitopes relevant in human diabetics can be found using this paradigm because of issues of self-tolerance or species-specific processing, it is interesting to note that Endl et al. (23) reported the isolation of a DRB1*0401-restricted T cell clone from a recently diagnosed IDDM patient which recognizes a GAD65 peptide (266-285) that overlaps one of those described in the current study.
The identification of GAD-derived peptides has potential utility for directing the analysis of islet-specific immune responses in type 1 diabetics. From these studies, it seems likely that the GAD65 274-286 and GAD65 115-127 epitopes are displayed on the surface of DRB1*0401 APC located in human islets. These two epitopes therefore have the potential for being targets of regulatory T cells that have been expanded by peptide immunization. Antigen-specific recruitment of regulatory cells to the islets following parenteral or oral peptide exposure may be a general strategy to downmodulate the autoimmune response in the prediabetic islet. 
